In this article, optimization and validation of a procedure for the determination of total nickel in wet digested samples of human body tissues (internal organs) for forensic toxicological purposes are presented. Four experimental setups of the electrothermal atomic absorption spectrometry (ETAAS) using a Solaar MQZe (Thermo Electron Co.) were compared, using the following (i) no modifier, (ii) magnesium nitrate, (iii) palladium nitrate and (iv) magnesium nitrate and ammonium dihydrogen phosphate mixture as chemical modifiers. It was ascertained that the ETAAS without any modifier with 1,300/2,4008 8 8 8 8C as the pyrolysis and atomization temperatures, respectively, can be used to determine total nickel at reference levels in biological materials as well as its levels found in chronic or acute poisonings. The method developed was validated, obtaining a linear range of calibration from 0.76 to 15.0 mg/L, limit of detection at 0.23 mg/L, limit of quantification at 0.76 mg/L, precision (as relative standard deviation) up to 10% and accuracy of 97.1% for the analysis of certified material (SRM 1577c Bovine Liver) and within a range from 99.2 to 109.9% for the recovery of fortified liver samples.
Introduction
Nickel (Ni) is a naturally occurring element in air, water, soil and any living matter. Its presence in the environment is associated with both natural and anthropogenic sources. Although it can exist in several oxidation states, its Ni(II) form is the most common in the biosphere.
Nickel essentiality to humans has not been fully proven and is still highly called in question (1 -3) . However, exposure to higher concentrations of Ni in the environment may lead to the occurrence of a number of pathological effects, among which allergic contact dermatitis is the most common and well-known reaction of human body (3) . Due to the fact that particular attention has been paid to the negative effects caused by the presence and the constant increase in the concentrations of heavy metals in the environment, it is important to establish the total content of the given element in biological materials (such as body fluids and tissues) at reference concentrations that normally occur in non-exposed and non-poisoned people (4 -11) .
In spite of the fact that several analytical techniques such as flameless electrothermal atomic absorption spectrometry (ETAAS) (12 -17) , inductively coupled plasma optical emission spectrometry (ICP-OES) (5, 18 -20) and, recently, inductively coupled plasma mass spectrometry (ICP-MS) (8 -11, 21 -23) allow us to determine Ni at low concentrations in different biological samples, particularly in urine (8-10, 13, 15, 16) , blood (9, 11, 16, 22) , serum (5, 15, 19) , plasma (9, 11, 17) and hair (5, 9, 12, 14, 16, 20) there are limited data regarding the determination of Ni in other human tissues (5, 18, 21, 23) . This may be due to the fact that these types of biological samples have a more complex matrix than fluid samples, which can cause additional problems during the analysis. In addition, not every laboratory can deal with the investigation of such samples. For this reason, in this article, it was decided to take this subject into consideration again and to develop an accurate and precise method for Ni determination using the ETAAS technique after the microwave-assisted acid digestion of tissue samples.
Experimental

Reagents
All reagents: 65% (v/v) nitric acid (V), 30% (v/v) hydrogen peroxide, stock standard solutions of Ni(II) (1,000 mg/L; Merck, Darmstadt, Germany), as well as matrix modifiers: palladium nitrate (10 g/L), magnesium nitrate (10 g/L) and ammonium dihydrogen phosphate (99.9) used in the study were of analytical grade (Suprapur). Deionized water was obtained from a Barnstead purification system (NANOpure Diamond, Barnstead, Dubuque, IA) and used for dilution of the basic solutions. Glass and polypropylene vessels were soaked for 24 h in 5% (v/v) nitric acid solution before analysis and then rinsed three times with deionized water.
Instrumentation
An Ethos 1 microwave digestion system (Milestone, Sorisole, Italy), equipped with Teflon high-pressure reaction vessels, was used for the digestion of samples. Determination of Ni was carried out by the use of a Solaar MQZe atomic absorption spectrometer, with Zeeman background correction, equipped with a heated graphite atomizer (GF95) and an FS95 autosampler (Thermo Electron, Waltham, MA) at a wavelength of 232.0 nm (slit width of 0.2 nm). The graphite furnace heating program is given in Table I . The measured volume of the sample solution was 20 mL.
Material and sample preparation
The material undergoing testing consisted of samples of sections of internal organs (brain, stomach, liver, kidneys, heart and lungs-deposited directly into the polypropylene collection vessels) obtained from autopsies of non-poisoned people, and of certified SRM 1577c Bovine Liver (SERO AS, Billingstad, Norway). Prior to determination, 1.5 g samples of each biological material mixed with nitric acid (V) and 30% (v/v) hydrogen peroxide in a volume ratio of 5:1 (left for 24 h before the mineralization) were wet digested according to the procedure optimized and described in a previous article (24) . In this three-step program the ramp time, the temperature and the hold time were as follows: for the first step: 10 min, 508C and 20 min, for the second step: 10 min, 1358C and 10 min and for the third step: 10 min, 2008C and 15 min.
Results and discussion
Optimization of ETAAS procedure At the beginning, the pyrolysis and atomization temperature curves for several materials were recorded to verify the graphite furnace heating program proposed by the producer of the spectrometer (Table I) . When the pyrolysis temperature was varied, the atomization temperature was set at 2,5008C. During measurements with different atomization temperatures, the pyrolysis temperature was set at 1,0008C. Figure 1 shows the pyrolysis and atomization temperature curves obtained for a standard solution ( prepared in 0.1% nitric acid (V)) at a concentration of 7.00 mg/L, and solutions of the following digested biological materials: brain, heart, stomach and a 10-fold dilution of kidney, liver and lung. Based on the obtained results, the following combination of temperatures was established as optimal: 1,3008C for the pyrolysis step and 2,4008C for atomization.
Assuming that all types of examined biological material behave in the similar way in the graphite furnace under these conditions, for further optimization studies a solution of digested liver was chosen. Then, a series of solutions of digested liver was analyzed using the standard addition technique and the obtained curve was compared with the conventional calibration curve. It turned out that the two curves were almost parallel as the slope were nearly the same (0.0152 and 0.0161, Figure 2 ) which allowed us to state that it is possible to determine Ni in selected samples of biological material without the use of a matrix modifier (no interferences were observed).
However, to confirm the above assumption additional optimization studies using a series of sample matrix modifiers were performed. The following chemical modifiers were tested: (i) 10 mg Pd(NO 3 ) 2 , (ii) 5 mg Mg(NO 3 ) 2 , (iii) 5 mg Mg(NO 3 ) 2 and 50 mg NH 4 H 2 PO 4 in 0.5% (v/v) HNO 3 . Pyrolysis and atomization temperature curves, with the addition of the chemical modifiers, were recorded for Ni standard solution (7.00 mg/L) and digested Step liver (1:10) and are plotted in Figure 3 . In addition, in Figure 3 , the selected optimal temperatures for pyrolysis and atomization of Ni in the graphite cuvette are marked. Generally, it was observed that the addition of magnesium nitrate to a sample allows sample's matrix to evaporate at lower temperatures than the analyte alone, which confirms its stabilizing effect on nickel. The determination of Ni using ammonium dihydrogen phosphate as a modifier was difficult due to the high background signal with a simultaneous decrease in Ni signal. There was no significant impact of the palladium modifier on Ni signal.
In further studies the accuracy of the analytical results obtained with or without matrix modifier's addition was checked. Nickel was determined in the samples of a certified biological material, SRM 1577c Bovine Liver (each measurement was performed in triplicate). The mean relative errors are summarized in Table II . It can be seen that in the case of analysis without any modifier the higher temperature of pyrolysis (1,3008C) gives an opportunity to improve the accuracy of Ni determination, whereas a higher temperature of atomization (2,5008C) results in a significant decrease of the accuracy. When the magnesium modifier was used, the estimated analyte concentration was significantly lower than the expected value (RE, 224.3%). For an analysis using magnesium together with an ammonium dihydrogen phosphate solution the results obtained significantly exceed the expected value (RE, þ59.3%). A good accuracy of the determination of total Ni was obtained using a palladium modifier (RE, þ8.1%).
On the basis of this part of the studies it was assumed that the most accurate results for Ni determination can be achieved without the use of a matrix modifier at temperatures of 1,3008C for the pyrolysis step and 2,4008C for the atomization step, as well as with the use of a palladium modifier.
Next, to decide which of the two variants of Ni determination is the best, the percent recovery of fortified samples of real liver was evaluated. The analyte at a concentration of 2.0 or 5.0 mg/L was added to a sample before and after the digestion process (in this way the efficiency of the mineralization was also examined). The results are shown in Table III . It was found that the best recoveries were obtained using the method without the addition of any matrix modifier, and the best temperatures of pyrolysis and atomization were 1,300 and 2,4008C, respectively.
Validation of the whole procedure Using the optimal furnace conditions the analytical parameters were evaluated. (Table IV) . The relative standard deviation (RSD) value for Ni in the examined samples was up to 10%. The accuracy of the method was checked by analyzing a reference material (SRM 1577c Bovine Liver) and was found to be close to 100%, the corresponding results are presented in Table II .
Conclusions
The ETAAS is a technique of choice for the determination of elements at trace and ultra-trace levels, with a moderate financial outlay and minimal consumption of a sample. What is more satisfactorily low levels of LOD and LOQ, a good precision and a very good accuracy of the developed and validated ETAAS method, comparable with results obtained for ICP-OES (for example in urine (10)), allow us to state that the proposed method can be successfully applied for Ni determination at trace concentrations in postmortem biological materials and further used to establish its reference levels, needed for differentiation in cases of suspected poisoning. 
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